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1
CONTROLLER, DISK DRIVE, AND READ
PROCESSING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from Provisional Application No. 61/976,914, filed
on Apr. 8, 2014; the entire contents of which are incorporated
herein by reference.

FIELD

Embodiments described herein relate generally to a con-
troller, a disk drive, and a read processing method.

BACKGROUND

In recent years, in a field of disk drives such as a hard disk
drive, data is stored in a magnetic disk with higher density.
Along with this, narrower track pitches of the magnetic disk
are being used. If off-track in the direction along the track
width happens when reading out data from a magnetic disk
having a narrow track pitch using a magnetic head, the data
written on the track may not be read out correctly. In another
case, if off-track in the direction along the track width hap-
pens when writing data on a magnetic disk having a narrow
track pitch using a magnetic head, the data written on the track
may not be read out correctly by the magnetic head.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a configuration of a disk drive according
to an embodiment;

FIG. 2 illustrates an operation of the disk drive according to
the embodiment;

FIG. 3 illustrates an operation of the disk drive according to
the embodiment;

FIG. 4 illustrates a configuration of a controller of the
embodiment;

FIG. 5 illustrates the operation of the disk drive according
to the embodiment;

FIG. 6 illustrates the operation of the disk drive according
to the embodiment; and

FIG. 7 is a flowchart illustrating an operation of the con-
troller of the embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, there is provided
a controller including an interference canceller, an equalizer,
and a decoder. The interference canceller is configured to
produce a first correction signal and a second correction sig-
nal. The first correction signal is obtained by cancelling a
signal interference component from a second track in a signal
of a first track. The second correction signal is obtained by
cancelling a signal interference component from the first
track in a signal of the second track. The first track and the
second track are adjacent to each other in a disk medium. The
equalizer is configured to obtain a noise included in the first
correction signal by using a noise component of the first track
and a noise interference component from the second track.
The equalizer is configured to correct the first correction
signal by using the obtained noise. The equalizer is config-
ured to equalize the corrected first correction signal. The
noise component of the first track is calculated based on a
noise component of the first track at a first timing and a noise
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component of the first track at a second timing which is earlier
than the first timing. The noise interference component from
the second track is calculated based on a noise interference
component from the second track at the first timing and a
noise interference component from the second track at the
second timing. The decoder is configured to decode the equal-
ized first correction signal.

Exemplary embodiments of a disk drive will be explained
below in detail with reference to the accompanying drawings.
The present invention is not limited to the following embodi-
ments.

Embodiments

A disk drive 1 according to the embodiment will be
described using FIG. 1. FIG. 1 illustrates a configuration of
the disk drive 1.

For example, the disk drive 1 is an apparatus configured to
record information on a magnetic disk (disk medium) 11 via
amagnetic head 22 and to read out a signal from the magnetic
disk (disk medium) 11 via the magnetic head 22. For
example, the disk drive 1 may be a magnetic disk drive (e.g.,
a hard disk drive). Specifically, the disk drive 1 includes the
magnetic disk 11, a spindle motor 12, a motor driver 21, the
magnetic head 22, an actuator arm 15, a voice coil motor
(VCM) 16, a ramp 23, a head amplifier 24, a read/write
channel (RWC) 25, a hard disk controller (HDC) 31, a buffer
memory 29, and a controlling unit 26.

The magnetic disk 11 is configured to rotate at a predeter-
mined rotational speed about a rotational axis by the spindle
motor 12. The motor driver 21 drives the spindle motor 12 to
rotate.

The magnetic head 22 writes data on and reads out data
from the magnetic disk 11 using a recording head 22a and a
plurality of read heads 22561 and 2252 which are included in
the magnetic head 22. For example, the magnetic head 22 can
read out a signal from a plurality of adjacent tracks on the
magnetic disk 11 using the plurality of read heads 2251 and
22b2 (see FIG. 5 and FIG. 6). Further, the magnetic head 22
is located at a distal end of the actuator arm 15, and is moved
along the radial direction (direction along the track width) of
the magnetic disk 11 by the voice coil motor 16 driven by the
motor driver 21. In such states, for example, when the mag-
netic disk 11 is not rotating, the magnetic head 22 is retracted
to be on the ramp 23.

The head amplifier 24 amplifies and outputs the signal read
out from the magnetic disk 11 by the magnetic head 22, and
supplies the amplified signal to the read/write channel 25. The
head amplifier 24 amplifies the signal, which is supplied from
the read/write channel 25 and is to be written on the magnetic
disk 11, and supplies the amplified signal to the magnetic
head 22.

The hard disk controller 31 controls transmission of data
with a host computer 40 via an I/F bus, controls the buffer
memory 29, and performs processing of correcting errors in
the recorded data. Further, the buffer memory 29 is used as a
cache for data transmitted with the host computer 40. Further,
for example, the buffer memory 29 is used to temporarily
store therein data read out from the magnetic disk 11, data to
be written on the magnetic disk 11, or firmware for control
which is read out from the magnetic disk 11.

The read/write channel 25 performs code modulation of
the data, which is supplied from the hard disk controller 31
and to be written on the magnetic disk 11, and supplies the
code modulated data to the head amplifier 24. Further, the
read/write channel 25 performs code demodulation of the
signal, which is read out by the magnetic disk 11 and supplied
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from the head amplifier 24, and outputs the code demodulated
data to the hard disk controller 31 as digital data.

To the controlling unit 26, an operation memory 27 (e.g.,
SRAM: Static Random Access Memory), a nonvolatile
memory 28 (e.g., Flash ROM: Flash Read Only Memory),
and the buffer memory 29 for temporary storage (e.g.,
DRAM: Dynamic Random Access Memory) are connected.
The controlling unit 26 totally controls the disk drive 1
according to the firmware previously stored in the nonvolatile
memory 28 and the magnetic disk 11. The firmware includes
initial firmware and control firmware used for normal opera-
tion. The initial firmware which is executed first on starting is
stored in, for example, the nonvolatile memory 28. As
described below, a part of the function of a controller CTR
(see FIG. 6) may be included in the control firmware. Further,
the control firmware used for normal operation is recorded on
the magnetic disk 11 and temporarily read out from the mag-
netic disk 11 into the buffer memory 29, and then stored in the
operation memory 27, controlled by the initial firmware.

In the disk drive 1, the recording head 22a writes dataon a
plurality of tracks provided, in a plurality of concentric
circles, on the magnetic disk 11 in such manner, for example,
from the inner side toward the outer side or from the outer side
toward the inner side. In this step, the buffer memory 29
temporarily stores therein the data already written on the
track. For example, when the data is written from the inner
side toward the outer side, the buffer memory 29 temporarily
stores the data already written on the track until at least the
writing of data on the sector on the outer adjacent track is
completed.

In the disk drive 1, to increase the storage capacity of the
magnetic disk 11, that is, to improve the recording density of
the magnetic disk 11, the track width (track pitch) of the
magnetic disk 11 may be approximately as narrow as the
width of each read heads 2251 and 2252.

Among the plurality of read heads 2251 and 2252, the read
head 2251 will be focused here as an example. Considering
the case in which the data is written on track A and track B
without pushing the recording head 22qa off track, and the data
is read out from track A via the read head 2251, as illustrated
in a dashed line in FIG. 2. When viewed from the read head
22b1, track A is a target track of the present read processing
and track B is an adjacent track which is adjacent to the target
track.

In the disk drive 1, when the read head 22541 reads out data,
since the track width of the magnetic disk 11 can be approxi-
mately as narrow as the width of the read head 2251, the read
head 2251 may be pushed into an off-track position shifted in
the track width direction toward the adjacent track (track B)
asillustrated in a solid line in FIG. 2 from an on-track position
within the target track (track A) as illustrated in a dashed line
in FIG. 2. If an off-track in the direction along the track width
happens during readout of the data, the read head 2251 may
read out data from the target track (track A) receiving inter-
ference from data on the adjacent track (track B).

For example, considering another case in which the data is
written on track A and track B with pushing the recording
head 224 into off-track position in the direction along the
track width, and is read out from track A via the read head
225h1, as illustrated in a dashed line in FIG. 3. That is, when
viewed from the read head 2251, track A is a target track of the
present read processing and track B is an adjacent track which
is adjacent to the target track.

In the disk drive 1, the track width of the magnetic disk 11
is approximately as narrow as the width ofthe read head 2251.
Therefore, even when the read head 2241 is, without being
pushed into an off-track position, located at on-track position
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within the target track (track A) as illustrated in a solid line in
FIG. 3 when reading out the data by the read head 2251, the
read head 2251 may receive interference from data on the
adjacent track (track B). That is, when an off-track in the
direction along the track width happens during writing, the
read head 2251 may read out data from the target track (track
A) while receiving interference from data on the adjacent
track (track B).

For this reason, the disk drive 1 employs ITI (Inter Track
Interference) cancelling method in which readout from a disk
is performed using the data on the adjacent track to remove an
interference component between tracks during reading out
data from the magnetic disk 11. In the I'TT cancelling method,
for example, an interference component between tracks (sig-
nal interference component) is removed from the signal of the
sector to be readout, where each interference component
between tracks is in accordance with the data written on
sectors adjacent, in the direction along the track width, to the
signal of the sector to be read out. In this manner, the signal
interference component from the adjacent track can be
removed from the signal read out from the target track.

Now, considering the case when the signal with the signal
interference component cancelled is equalized by a Viterbi
equalizer in which a partial response signal is used in a read
processing method to increase the recording density by allow-
ing interference between symbols (interference between
symbol waveforms at different points of time) happening on
the transmission line of the magnetic recording. To further
increase the recording density, it is eftective to perform equal-
ization taking into account the interference, on the time axis,
of'the jitter noise itself produced on the medium together with
the interference between symbols of read signals. Therefore,
a Viterbi equalizer in which an auto regressive model is
applied for calculating branch metric (likelihood) may be
used to remove influence of noise itself on interference
between samples.

This model simply means that if the noise at time t can be
recognized, each noise at each time t+1, t+2, . . . can be
estimated, since the noise component included in the read
signal obtained at time t by a read head has an effect on each
time t+1, t+2, .. . . Itis understood that noise can efficiently be
suppressed by estimating the noise using the auto regressive
model and correcting the signal with the estimated noise.

However, since the auto regressive model is configured for
a single read head, further devising is necessary to apply the
auto regressive model to the disk drive 1 including a plurality
of read heads 22541 and 2252.

At first, in the embodiment, the disk drive 1 performs
cancelling of the interference component between tracks (I1T1
cancelling) with using signals read out from a plurality of
adjacent tracks by the plurality of read heads 2251 and 2252.

For example, the read signal obtained by two read heads
22b1 and 2252 is discretized through a preamplifier, a low
pass filter, and an A/D converter which are independently
provided. The obtained two discretized read signals are input
to two FIR filters for each, that is, total four FIR filters. The
FIR filters are set so that each of two sets of FIR filters, to
which two read signals are input, outputs two different read
target. That is, four FIR filters are operated so that two sets of
FIR filters, each set receiving two read signals as input, output
two different read targets (PR (Partial Response) targets) to
obtain two different discretized read signals.

Specifically, the disk drive 1 of the embodiment provides
the controller CTR having a function as illustrated in FIG. 4.
FIG. 4 illustrates the configuration of the controller CTR.
Note that, the controller CTR illustrated in FIG. 4 has a
functional configuration. For example, the controller CTR
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may be implemented as a hardware (e.g., as a system on a
chip) in the read/write channel 25 or the like. Alternatively,
for example, the controller CTR illustrated in FIG. 4 may be
implemented as a software (e.g., as a functional module
extracted into the operation memory 27 or the like at once or
sequentially according to the progress of processing, by the
controlling unit 26 or the like) in the controlling unit 26 or the
like. Further alternatively, a part of the function of the con-
troller CTR illustrated in FIG. 4 may be implemented as a
hardware in the read/write channel 25 or the like and the rest
of the function may be implemented as a software in the
controlling unit 26 or the like.

In the disk drive 1, the plurality of read heads 2251 and
2252 illustrated in FIG. 4 is configured to read out a signal
from a plurality of adjacent tracks. For example, as illustrated
in FIG. 5, when the read head 2251 reads out a read signal RS ,
from the first track (track A), the read head 2252 reads out a
read signal RS from the second track (track B) adjacent to
the first track. When viewed from the read head 2251, track A
is a target track and track B is an adjacent track. Contrarily,
when viewed from the read head 2252, track B is a target track
and track A is an adjacent track.

Note that, exemplarily illustrated in FIG. 4 is the case in
which two read heads 2251 and 2252 read out a signal from
the plurality of adjacent tracks. However, it may be config-
ured to read out a signal from the first track using one of, or
some of, three or more read heads, and to read out a signal
from the second track using the rest of the read heads.

The head amplifier 24 illustrated in FIG. 4 amplifies a
plurality of read signals RS , and RSz read out from a plurality
of adjacent tracks by the plurality of read heads 2251 and
22b2. For example, the head amplifier 24 includes a plurality
of preamplifiers 241 and 242 corresponding to the plurality of
read heads 22561 and 2262. The preamplifier 241 amplifies the
read signal RS , read out from the read head 2251 and supplies
the amplified signal RS, to the controller CTR. The pream-
plifier 242 amplifies the read signal RSy read out from the
read head 2252 and supplies the amplified signal RSy to the
controller CTR.

The controller CTR includes a signal processing unit 2, an
interference canceller 50, a Viterbi equalizer 60, and a
decoder 90.

The signal processing unit 2 processes a plurality of read
signals RS , and RS supplied from the head amplifier 24. For
example, the signal processing unit 2 includes a low pass filter
(LPF1) 3, an A/D converter 4, a low pass filter (LPF2) 5, and
an A/D converter 6.

The low pass filter 3 removes the out-band component
from the read signal RS, supplied from the preamplifier 241
and then supplies the read signal RS, to the A/D converter 4.
The A/D converter 4 performs A/D conversion of the read
signal from which the radio frequency component is removed
to produce a digital signal RD ,, and then supplies the digital
signal RD , to the interference canceller 50.

The low pass filter 5 removes the out-band component
from the read signal RSy supplied from the preamplifier 242
and then supplies the read signal RSy to the A/D converter 6.
The A/D converter 6 performs A/D conversion of the read
signal from which the out-band component is removed to
produce a digital signal RDy, and then supplies the digital
signal RDy to the interference canceller 50.

The interference canceller 50 produces a first correction
signal y1 by cancelling a signal interference component S '
from the second track (track B) in the read signal RS , read out
from the first track (track A). Along with this, the interference
canceller 50 produces a second correction signal y2 by can-
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celling the signal interference component S;' from the first
track (track A) in the read signal RS ; read out from the second
track (track B).

For example, the interference canceller 50 includes an FIR
filter (FIR1) 51, an FIR filter (FIR2) 52, an FIR filter (FIR3)
53, an FIR filter (FIR4) 54, a cancel processing unit (SUM1)
55, and a cancel processing unit (SUM2) 56.

The FIR filter 51 extracts a signal component S ; from the
signal read out from the first track (track A). The FIR filter 51
receives the digital signal RD , from the A/D converter 4. The
FIR filter 51 equalizes the digital signal RD , to an arbitrary
PR (Partial Response) target (e.g., a PR target such as PR (1,
2,2,2,1)). The FIR filter 51 supplies the digital signal S,
obtained by equalization to the cancel processing unit 55 as a
signal component.

The FIR filter 52 extracts a signal interference component
S from the signal read out from the second track (track B).
The FIR filter 52 receives the digital signal RD from the A/D
converter 6. The FIR filter 52 equalizes the digital signal RD,
to an arbitrary PR (Partial Response) target (e.g., a PR target
suchas PR (1, 1,2, 1, 1)). Then, by a process, such as applying
a predetermined coefficient to the digital signal S obtained
by equalization, the FIR filter 52 produces a signal interfer-
ence component S ' The FIR filter 52 supplies the produced
signal interference component S ' to the cancel processing
unit 55.

The FIR filter 53 extracts a signal interference component
Sz' from the signal read out from the first track (track A). The
FIR filter 53 receives the digital signal RD, from the A/D
converter 4. The FIR filter 53 equalizes the digital signal RD ,
to an arbitrary PR (Partial Response) target (e.g., a PR target
suchas PR (1, 2,2,2,1)). Then, by a process, such as applying
a predetermined coefficient to the digital signal S, obtained
by equalization, the FIR filter 53 produces a signal interfer-
ence component Sz'. The FIR filter 53 supplies the produced
signal interference component S;' to the cancel processing
unit 56.

The FIR filter 54 extracts a signal component S from the
signal read out from the second track (track B). The FIR filter
54 receives the digital signal RD, from the A/D converter 6.
The FIR filter 54 equalizes the digital signal RDj to an arbi-
trary PR (Partial Response) target (e.g., a PR target such as PR
(1,1,2,1, 1)). The FIR filter 54 supplies the digital signal S
obtained by equalization to the cancel processing unit 56 as a
signal component.

The cancel processing unit 55 produces the first correction
signal y1 using the signal component S , extracted by the FIR
filter 51 and the signal interference component S ' extracted
by the FIR filter 52. For example, the cancel processing unit
55 performs calculation expressed by Equation 1 described
below to produce the first correction signal y1.

y1=S,+S4 Equation 1

The cancel processing unit 56 produces the second correc-
tion signal y2 using the signal component Sy extracted by the
FIR filter 54 and the signal interference component S;'
extracted by the FIR filter 53. For example, the cancel pro-
cessing unit 56 performs calculation expressed by Equation 2
described below to produce the second correction signal y2.

12=Sz+S5' Equation 2

The obtained two correction signals y1 and y2 are targeted
to different reference targets (PR targets) and thereby have
different noise profiles, respectively. Further, noise compo-
nents included in two different correction signals y1 and y2
may be correlated to each other.
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Therefore, in the embodiment, the disk drive 1 estimates
noise by taking into account not only the interference
between samples of noises included in signals of the target
track but also the interference between samples of the noise
interference components which is a component included in a
noise component in a signal of the adjacent track and is a
component interfering with the noise component in the target
track, when the disk drive 1 performs ITI cancelling with
using signals read out a plurality of adjacent tracks by the
plurality of read heads 2251 and 2242, in order to achieve
improvement in estimation accuracy of noise.

For example, to estimate the noise component, the auto
regressive moving average model as illustrated in FIG. 4 is
applied to two correction signals output from the interference
canceller 50.

That is, when focusing on the read head 2261 and consid-
ering track A as the target track, a noise component N tin the
first correction signal y1 at the present time t receives time-
correlated effect from noise components N t-1 and N ,t-2 in
the first correction signal y1 at past points of time t-1 and t-2,
as illustrated in FIG. 5. Along with this, the noise component
Nt in the first correction signal y1 at the present time t also
receives effect from noise interference components Ngt', Nt-
1', and Ngt-2' which are interference components of noise
components in the second correction signal y2 at the present
time t and the past points of time t-1 and t-2 with the noise
component in the first correction signal y1. Therefore, as for
the first correction signal y1, the noise included in the first
correction signal y1 at the present time t is estimated by using
the auto regressive model of the noise component included in
the first correction signal y1 and the moving average model of
the noise interference component in the second correction
signal y2.

Further, when focusing on the read head 2252 and consid-
ering track B as the target track, the noise component Nt in
the second correction signal y2 at the present time t receives
time-correlated effect from noise components Nzt-1 and
Njt-2 in the second correction signal y2 at past points of time
t-1 and t-2, as illustrated in FIG. 6. Along with this, the noise
component Nzt in the second correction signal y2 at the
present time t also receives effect from noise interference
components N _t', N t-1', and N ,t-2' which are interference
components of noise components in the first correction signal
y1 at the present time t and the past points of time t-1 and t-2
with the noise component in the second correction signal y2.
Therefore, as for the second correction signal y2, the noise
included in the second correction signal y2 at the present time
t is estimated by using the auto regressive model of the noise
component included in the second correction signal y2 and
the moving average model of the noise interference compo-
nent in the first correction signal y1.

Further, since the interference pattern of noise depends on
the recording bit patterns of two different tracks, the coeffi-
cient for estimating noise is dynamically changed according
to the branch label (pattern label 641) of the Viterbi equalizer
60 including recording bit strings of two tracks as a branch
label. The branch label (pattern label 641) is configured that
the recording bit strings of two tracks is distinguishable from
each other. For example, in the branch label (pattern label
641), the bit string in the higher level corresponds to the bit
string for track A and the bit string in the lower level corre-
sponds to the bit string for track B.

At this time, the branch metric (likelihood) M which is
considered in one time-transition used in the Viterbi equalizer
60 can be provided by Equation 3 described below.
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Equation 3

M = —log(VIRI ) - 7Rz

In Equation 3, the first term corresponds to the dispersion
of noise and the second term corresponds to the time corre-
lation characteristic of noise. In Equation 3, Ri is a matrix
representing noise dispersion of the recording bit string of
two tracks which is expressed by Equation 4 described below.
Further, 7 is a vector representing the Euclidean distance of
time between signals of noise components, which is
expressed by Equation 5 described below. As expressed by
Equation 3, the branch metric (likelihood) M can accurately
be obtained by improving the accuracy of noise estimation.

Equation 4

In Equation 4, o2 is a noise dispersion value of the read
signal of the first track (track A) and o, is a noise dispersion
value of the read signal of the second track (track B). 0,0, is
a noise dispersion value, by the interference from the first
track (track A), in the read signal of the second track (track B).
0,0, 1s a noise dispersion value, by the interference from the
second track (track B), in the read signal of the first track
(track A).

L L Equation 5
(Yar = Sar) = Z Waai (Yai = Sai) = Z Wiai(Ybi = Sbi)

i=t—1 i=t

zZ=

=L =L
(Vor = Spe) = Z Wppi (Yoi = Spi) — Z Wapi(Yai = Sai)

i=t—1 i=t

In Equation 5, y,, is an amplitude of the first correction
signal of the first track (track A) at the present time t, and s,
is an amplitude, at the present time t, of the reference com-
ponent for the first correction signal. y ,; is an amplitude of the
first correction signal of the first track (track A) at the past
timei (i=t-1, ...,t-L), and s, is an amplitude, at the past time
i(i=t-1, ..., t-L), of the reference component for the first
correction signal. In the embodiment, the case in which L=2
is exemplarily described to simplify the description. How-
ever, L. may be three or more.

In Equation 5, w,,; is a noise correlation coefficient repre-
senting correlation effect of the noise component in the first
correction signal of the first track (track A) at the past time i
(i=t-1, ..., t-L) on the noise component at the present time t.
W,,; 18 expressed by Equation 6 described below.

Opmi=Cath

a Equation 6

aai”

In Equation 6, ¢, and h are provided as components of
autocovariance matrix nm representing time correlation char-
acteristic of the noise component of the first track (track A).
The autocovariance matrix n, is expressed by Equation 7
described below.
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In Equation 7, n,” represents an amplitude of the noise
component included in the first correction signal of the first
track (track A) at the past time i. n,_, “ represents an amplitude
of'the noise component included in the first correction signal
of'the first track (track A) at the past time i-1. n, ,* represents
an amplitude of the noise component included in the first
correction signal of the first track (track A) at the past time i-2.
w represents the degree of time correlation which is experi-
mentally obtained in advance. Components n,” to n, ,“ may be
different from each other according to the pattern label 641
(recording bit string of two tracks).

In Equation 5, w,,; is a noise correlation coefficient repre-
senting correlation effect of the noise component in the sec-
ond correction signal of the second track (track B) at the past
time i (i=t-1, . . ., t-L) on the noise component at the present
time t. w,,,; is expressed by Equation 8 described below.

Opp=Cy Equation 8

In Equation 8, ¢, and h are provided as components of
autocovariance matrix n, representing time correlation char-
acteristic of the noise component of the second track (track
B). The autocovariance matrix n, is expressed by Equation 9
described below.

Equation 9
.
2 b b Vb b
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In Equation 9, n,” represents an amplitude of the noise
component included in the second correction signal of the
second track (track B) at the past time i. n, ,” represents an
amplitude of the noise component included in the second
correction signal of the second track (track B) at the past time
i-1. n, ,” represents an amplitude of the noise component
included in the second correction signal of the second track
(track B) at the past time i-2. w is a value representing the
degree of time correlation which is experimentally obtained
in advance. Components n,” to n, ,” may be different from
each other according to the pattern label 641 (recording bit
strings of two tracks).

In Equation 5, w, ,; is a noise interference correlation coet-
ficient representing correlation effect of the noise interfer-
ence component at the past time i (i=t-1, . . ., t-L.) on the noise
interference component at the present time t, where the noise
interference component is an interference component of the
noise component in the second correction signal of the second
track (track B) with the noise component in the first correction
signal of the first track (track A) at the present time t. w,,,; is
expressed by Equation 10 described below.

[ AN Equation 10

w
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10

InEquation 10,h,,andh h, are provided as components of
cross-covariance matrix n,n, representing time correlation
characteristic of the noise interference component between
the noise component of the first track (track A) and the noise
component of the second track (track B). The cross-covari-
ance matrix n,n, is expressed by Equation 12 described
below.

In Equation 5, w,,, is a noise interference correlation coef-
ficient representing correlation effect of the noise interfer-
ence component at the pasttime i (i=t-1, . . ., t-L.) on the noise
interference component at the present time t, where the noise
interference component is an interference component of the
noise component in the first correction signal of the first track
(track A) with the noise component in the second correction
signal of the second track (track B) at the present time t. w
is expressed by Equation 11 described below.

@ o= Moy )"

InEquation11,h,, andh h, are provided as components of
cross-covariance matrix n,n, representing time correlation
characteristic of the noise interference component between
the noise component of the first track (track A) and the noise
component of the second track (track B). The cross-covari-
ance matrix n,n, is expressed by Equation 12 described
below.

Equation 11

Equation 12
\
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By operating the Viterbi equalizer 60 using the branch
metric (likelihood) M derived from Equation 3 to Equation
12, each of the noises included in read signals obtained from
two different read heads 2251 and 2252 can be estimated
accurately. Thereby, the noise can efficiently be suppressed
and whitened.

Specifically, as illustrated in FIG. 4, the Viterbi equalizer
60 estimates a noise component nl1 in the first correction
signal y1 according to time correlation characteristic of the
noise component. The Viterbi equalizer 60 also estimates a
noise interference component n21, which interferes with the
first correction signal y1, in the estimated second correction
signal y2, according to time correlation characteristic of the
noise interference component. The Viterbi equalizer 60 esti-
mates the noise nl included in the first correction signal y1
using the noise component n11 and the noise interference
component n21. The Viterbi equalizer 60 corrects the first
correction signal y1 using the estimated noise nl. For
example, the Viterbi equalizer 60 corrects the first correction
signal y1 by subtracting the noise n1 from the first correction
signal y1. The Viterbi equalizer 60 equalizes the corrected
first correction signal s1.

Further, the Viterbi equalizer 60 estimates the noise com-
ponent n22 in the second correction signal y2 according to
time correlation characteristic of the noise component. The
Viterbi equalizer 60 also estimates the noise interference
component n12, which interferes with the second correction
signal y2, in the estimated fist correction signal y1, according
to time correlation characteristic of the noise interference
component. The Viterbi equalizer 60 estimates the noise n2
included in the second correction signal y2 using the noise
component n22 and the noise interference component n12.
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The Viterbi equalizer 60 corrects the second correction signal
y2 using the estimated noise n2. For example, the Viterbi
equalizer 60 corrects the second correction signal y2 by sub-
tracting the noise n2 from the second correction signal y2.
The Viterbi equalizer 60 equalizes the corrected second cor-
rection signal s2.

The Viterbi equalizer 60 includes a first estimation unit (the
first calculation unit) 70, a second estimation unit (the second
calculation unit) 80, a first correction unit 61, a second cor-
rection unit 62, an equalization processing unit 63, and an
index convertor 64.

The first estimation unit 70 estimates the noise component
nl11 in the first correction signal y1 according to time corre-
lation characteristic of the noise component. The first estima-
tion unit 70 also estimates the noise interference component
n12, which interferes with the second correction signal y2, in
the first correction signal y1, according to time correlation
characteristic of the noise interference component. That is,
the first estimation unit 70 calculates the noise component
nl11 of the first track (track A) based on the noise component
of the first track at the first time (time t) and the noise com-
ponent of the first track at the second time (time t-1 and t-2)
which is earlier than the first time. Along with this, the first
estimation unit 70 calculates the noise interference compo-
nent n12 of the first track based on the noise interference
component of the first track at the first time and the noise
interference component of the first track at the second time.
The first estimation unit 70 supplies the noise component n11
to the first correction unit 61 and the noise interference com-
ponent n12 to the second correction unit 62.

For example, the first estimation unit 70 includes multiple
stages of first delay units 71-1 and 71-2, a multiplication unit
72, a plurality of first multiplication units 73-1 and 73-2, a
first add-up unit 74, a plurality of third multiplication units
75-0, 75-1, and 75-2, and a third add-up unit 76.

The multiple stages of first delay units 71-1 and 71-2 pro-
duce a plurality of noise components having different delays
from the noise component n11 estimated by the first estima-
tionunit 70. For example, the first delay unit 71-1 receives the
noise component nl11 from the first add-up unit 74 and delays
the noise component n11 by a delay D. Then, the first delay
unit 71-1 outputs the noise component delayed by the delay D
to the first multiplication unit 73-1, the first delay unit 71-2,
and the third multiplication unit 75-1. The first delay unit 71-2
further delays, by the delay D, the noise component already
delayed by the delay D, and outputs the noise component
delayed by twice the delay D to the first multiplication unit
73-2 and the third multiplication unit 75-2.

The multiplication unit 72 receives a noise basic compo-
nent ‘e’ from the equalization processing unit 63, and a pat-
tern index from the index convertor 64. The pattern index is an
identifier for identifying which path the pattern label 641
including the recording bit string of the two tracks corre-
sponds to among a plurality of paths to be processed by the
equalization processing unit 63. The multiplication unit 72
has a table in which a plurality of pattern indexes is associated
with a noise producing coefficient S. The multiplication unit
72 selects a noise producing coefficient S corresponding to a
received pattern index according to the table. The multiplica-
tionunit 72 produces a noise component n, at the present time
t by multiplying the noise basic component k by the noise
producing coefficient S, and outputs the noise component n,
to the first add-up unit 74.

The plurality of the first multiplication units 73-1 and 73-2
multiplies each of noise components output from first delay
units of different stages among the first delay units 71-1 and
71-2 of multiple stages by the noise correlation coefficient
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(see FIG. 6) corresponding to time correlation characteristic
of the noise component, and outputs the obtained product as
a noise component.

For example, the first multiplication unit 73-1 receives the
noise component delayed by the delay D from the first delay
unit 71-1, and a pattern index from the index convertor 64.
The first multiplication unit 73-1 has a table in which a plu-
rality of pattern indexes is associated with a noise correlation
coefficientw ;. The first multiplication unit 73-1 selects the
noise correlation coefficient w,,, ; corresponding to the
received pattern index according to the table, and multiplies
the noise component, delayed by the delay D, by the noise
correlation coefficientw,, ,, ;. Thereby, the first multiplication
unit 73-1 produces a noise component An, ., which the noise
component n, at the present time t receives from the noise
component n,_, at the past time t-1, and outputs the noise
component An, ., to the first add-up unit 74.

The first multiplication unit 73-2 receives the noise com-
ponent delayed by twice the delay D from the first delay unit
71-2, and a pattern index from the index convertor 64. The
first multiplication unit 73-2 has a table in which a plurality of
pattern indexes is associated with a noise correlation coeffi-
cientw,,, ,. Thefirst multiplication unit 73-2 selects the noise
correlation coefficient w,,, , corresponding to the received
pattern index according to the table. The first multiplication
unit 73-2 multiplies the noise component, delayed by twice
the delay D, by the noise correlation coefficient w,,, , to
produce the noise component An, . , which the noise compo-
nentn,at the present time t receives from the noise component
n,, at the past time t-2, and outputs the noise component
An,, , to the first add-up unit 74.

The first add-up unit 74 adds up the noise component n,
output from the multiplication unit 72, the noise component
An,, , output from the first multiplication unit 73-1, and the
noise component An,, , output from the first multiplication
unit 73-2. The first add-up unit 74 performs the addition
expressed by Equation 13 described below to obtain the add-
up result which is the noise component n11. The first add-up
unit 74 outputs the noise component n11 to the first correction
unit 61, the first delay unit 71-1, and the third multiplication
unit 75-0.

nll=n+An, , +An,,

The plurality of the third multiplication units 75-0, 75-1,
and 75-2 multiplies each of the noise component n11 esti-
mated by the first estimation unit 70 and noise components
output from first delay units of different stages among the
multiple stages of first delay units 71-1 and 71-2 by the noise
interference correlation coefficient (see Equation 11) corre-
sponding to time correlation characteristic of the noise inter-
ference component, and outputs the obtained product as the
noise interference component.

For example, the third multiplication unit 75-0 receives the
noise component nll from the first add-up unit 74, and a
pattern index from the index convertor 64. The third multi-
plication unit 75-0 has a table in which a plurality of pattern
indexes is associated with a noise correlation coefficient w ..
The first multiplication unit 73-1 selects the noise correlation
coefficient w,,, corresponding to the received pattern index
according to the table, and multiplies the noise component
nll by the noise correlation coefficient w,,,. Thereby, the
third multiplication unit 75-0 produces the noise interference
component An,,, , at the present time t, and outputs the noise
component An,, , to the third add-up unit 76.

The third multiplication unit 75-1 receives the noise com-
ponent delayed by the delay D from the first delay unit 71-1,
and a pattern index from the index convertor 64. The third

Equation 13



US 9,105,277 B1

13

multiplication unit 75-1 has a table in which a plurality of
pattern indexes is associated with a noise correlation coeffi-
cient w,,, . The third multiplication unit 75-1 selects the
noise correlation coefficient w,,,; corresponding to the
received pattern index according to the table, and multiplies
the noise component, delayed by the delay D, by the noise
correlation coefficient w,, ;. Thereby, the third multiplica-
tion unit 75-1 produces a noise interference component
An,, , , atthe past time t-1, and outputs the noise interference
component An,, ., to the third add-up unit 76.

The third multiplication unit 75-2 receives the noise com-
ponent delayed by twice the delay D from the first delay unit
71-2, and a pattern index from the index convertor 64. The
third multiplication unit 75-2 has a table in which a plurality
of pattern indexes is associated with a noise correlation coef-
ficient w,, ,. The third multiplication unit 75-2 selects the
noise correlation coefficient w,,,, corresponding to the
received pattern index according to the table. The third mul-
tiplication unit 75-2 multiplies the noise component, delayed
by twice the delay D, by the noise correlation coefficient
W .52 t0 produce a noise interference component An,,,, ,, at
the past time t-2, and outputs the noise interference compo-
nent An,,, ., to the third add-up unit 76.

The third add-up unit 76 adds up the noise interference
component n,, , output from the third multiplication unit
75-0, the noise interference component An,,, ., output from
the third multiplication unit 75-1, and the noise component
An,, , , output from the third multiplication unit 75-2. The
third add-up unit 76 performs the addition expressed by Equa-
tion 14 described below to obtain the add-up result which is
the noise interference component n12. The third add-up unit
76 outputs the noise interference component n12 to the sec-
ond correction unit 62.

H12=AR 4y, AR, 4Dy, 1o Equation 14

The second estimation unit 80 estimates the noise compo-
nent n22 in the second correction signal y2 according to time
correlation characteristic of the noise component. The second
estimation unit 80 also estimates the noise interference com-
ponent n21, which interferes with the first correction signal
y1, in the second correction signal y2, according to time
correlation characteristic of the noise interference compo-
nent. That is, the second estimation unit 80 calculates the
noise component n22 of the second track (track B) based on
the noise component of the second track at the first time (time
t) and the noise component of the second track at the second
time (time t-1 and t-2) which is earlier than the first time.
Along with this, the second estimation unit 80 calculates the
noise interference component n21 of the second track based
on the noise interference component of the second track at the
first time and the noise interference component of the second
track at the second time. The second estimation unit 80 sup-
plies the noise component n22 to the second correction unit
62 and the noise interference component n21 to the first
correction unit 61.

For example, the second estimation unit 80 includes mul-
tiple stages of second delay units 81-1 and 81-2, a multipli-
cation unit 82, a plurality of fourth multiplication units 83-1
and 83-2, a fourth add-up unit 84, a plurality of second mul-
tiplication units 85-0, 85-1, and 85-2, and a second add-up
unit 86.

The multiple stages of second delay units 81-1 and 81-2
produce a plurality of noise components having different
delays from the noise component n11 estimated by the second
estimation unit 80. For example, the second delay unit 81-1
receives the noise component n22 from the fourth add-up unit
84 and delays the noise component n22 by the delay D. The
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second delay unit 81-1 outputs the noise component delayed
by the delay D to the fourth multiplication unit 83-1, the
second delay unit 81-2, and the second multiplication unit
85-1. The second delay unit 81-2 further delays, by the delay
D, the noise component already delayed by the delay D, and
outputs the noise component delayed by twice the delay D to
the fourth multiplication unit 83-2 and the second multipli-
cation unit 85-2.

The multiplication unit 82 receives a noise basic compo-
nent ‘e’ from the equalization processing unit 63, and a pat-
tern index from the index convertor 64. The pattern index is an
identifier for identifying the path to which the pattern label
641 including the recording bit string of the two tracks cor-
responds among a plurality of paths to be processed by the
equalization processing unit 63. The multiplication unit 82
has a table in which a plurality of pattern indexes is associated
with a noise producing coefficient ‘S’. The multiplication unit
82 selects the noise producing coefficient S corresponding to
the received pattern index according to the table. The multi-
plication unit 82 multiplies the noise basic component ‘e’ by
the noise producing coefficient ‘S’ to produce the noise com-
ponent n, at the present time t, and outputs the noise compo-
nent n, to the fourth add-up unit 84.

The plurality of the fourth multiplication units 83-1 and
83-2 multiplies each of noise components output from second
delay units of different stages among the multiple stages of
second delay units 81-1 and 81-2 by the noise correlation
coefficient (see Equation 8) corresponding to time correlation
characteristic of the noise component, and outputs the
obtained product as a noise component.

For example, the fourth multiplication unit 83-1 receives
the noise component delayed by the delay D from the second
delay unit 81-1, and a pattern index from the index convertor
64. The fourth delay unit 83-1 has a table in which a plurality
of pattern indexes is associated with a noise correlation coef-
ficient w,,, ;. The fourth multiplication unit 83-1 selects the
noise correlation coefficient w,,, ;, corresponding to the
received pattern index according to the table, and multiplies
the noise component, delayed by the delay D, by the noise
correlation coefficient w,,, ;. Thereby, the fourth multiplica-
tion unit 83-1 produces the noise component An, , , which the
noise component n, at the present time t receives from the
noise component 1, ; atthe past time t-1, and outputs the noise
component An, ,, to the fourth add-up unit 84.

The fourth multiplication unit 83-2 receives the noise com-
ponent delayed by twice the delay D from the second delay
unit 81-2, and a pattern index from the index convertor 64.
The fourth multiplication unit 83-2 has a table in which a
plurality of pattern indexes is associated with a noise corre-
lation coefficient w,,, ,. The fourth multiplication unit 83-2
selects the noise correlation coefficient w,,, , corresponding
to the received pattern index according to the table. The fourth
multiplication unit 83-2 multiplies the noise component,
delayed by twice the delay D, by the noise correlation coef-
ficient w,,, » to produce the noise component An, , , which the
noise component n, at the present time t receives from the
noise component 1, , at the past time t-2, and outputs the noise
component An, , , to the fourth add-up unit 84.

The fourth add-up unit 84 adds up the noise component n,
output from the multiplication unit 82, the noise component
An, ., output from the fourth multiplication unit 83-1, and the
noise component An, ,_, output from the fourth multiplication
unit 83-2. The fourth add-up unit 84 performs the addition
expressed by Equation 15 described below to obtain the add-
up result which is the noise component n22. The fourth add-
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up unit 84 outputs the noise component n22 to the second
correction unit 62, the second delay unit 81-1, and the second
multiplication unit 85-0.

n22=n=An,, +An,, 5 Equation 15

The plurality of the second multiplication units 85-0, 85-1,
and 85-2 multiplies each of the noise component n22 esti-
mated by the second estimation unit 80 and noise components
output from second delay units of different stages among the
multiple stages of second delay units 81-1 and 81-2 by the
noise interference correlation coefficient (see Equation 10)
corresponding to time correlation characteristic of the noise
interference component, and outputs the obtained product as
the noise interference component.

For example, the second multiplication unit 85-0 receives
the noise component n22 from the fourth add-up unit 84, and
a pattern index from the index convertor 64. The second delay
unit 85-0 has a table in which a plurality of pattern indexes is
associated with a noise correlation coefficient w,,,. The
fourth multiplication unit 83-1 selects the noise correlation
coefficient w,, corresponding to the received pattern index
according to the table, and multiplies the noise component
n22 by the noise correlation coefficient w, . Thereby, the
second multiplication unit 85-0 produces a noise interference
component An,,, , at the present time t, and outputs the noise
interference component An,,, , to the second add-up unit 86.

The second multiplication unit 85-1 receives the noise
component delayed by the delay D from the second delay unit
81-1, and a pattern index from the index convertor 64. The
second multiplication unit 85-1 has a table in which a plural-
ity of pattern indexes is associated with a noise correlation
coefficient w,,,, ;. The second multiplication unit 85-1 selects
the noise correlation coefficient w,, , corresponding to the
received pattern index according to the table, and multiplies
the noise component, delayed by the delay D, by the noise
correlation coefficient w,, ;. Thereby, the second multipli-
cation unit 85-1 produces the noise interference component
An,,,, , at the past time t-1, and outputs the noise interference
component An,,, ., to the second add-up unit 86.

The second multiplication unit 85-2 receives the noise
component delayed by twice the delay D from the second
delay unit 81-2, and a pattern index from the index convertor
64. The second delay unit 85-2 has a table in which a plurality
of pattern indexes is associated with a noise correlation coef-
ficient w,,, ,. The second multiplication unit 85-2 selects the
noise correlation coefficient w,,,, corresponding to the
received pattern index according to the table. The second
multiplication unit 85-2 multiplies the noise component,
delayed by twice the delay D, by the noise correlation coef-
ficient w,,, , to produce the noise interference component
An,,, ., atthe past time t-2, and outputs the noise interference
component An,,, , , to the second add-up unit 86.

The second add-up unit 86 adds up the noise interference
component n,,, . output from the second multiplication unit
85-0, the noise interference component An,,, ., output from
the second multiplication unit 85-1, and the noise component
An,,, ., output from the second multiplication unit 85-2. The
second add-up unit 86 performs the addition expressed by
Equation 16 described below to obtain the add-up result
which is the noise interference component n21. The second
add-up unit 86 outputs the noise interference component n21
to the first correction unit 61.

n21=Any, AAny,  AAR,, 5 Equation 16

The first correction unit 61 corrects the first correction
signal y1 using the noise component nl1 estimated by the
second estimation unit 80 and the noise interference compo-
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nent n21 estimated by the second estimation unit 80. For
example, the first correction unit 61 includes subtraction units
611 and 612. The subtraction unit 611 subtracts the noise
component nl11 from the first correction signal y1 and sup-
plies the subtraction result to the subtraction unit 612. The
subtraction unit 612 subtracts the noise interference compo-
nent n21 from the subtraction result obtained by the subtrac-
tion unit 611. Thereby, the first correction unit 61 performs
the calculation expressed by Equation 17 described below.
The first correction unit 61 supplies the corrected first correc-
tion signal s1 to the equalization processing unit 63.

sl=pl-nll-n21 Equation 17

The second correction unit 62 corrects the second correc-
tion signal y2 using the noise component n22 estimated by the
second estimation unit 80 and the noise interference compo-
nent n12 estimated by the second estimation unit 80. For
example, the second correction unit 62 includes subtraction
units 621 and 622. The subtraction unit 621 subtracts the
noise component n22 from the second correction signal y2
and supplies the subtraction result to the subtraction unit 622.
The subtraction unit 622 subtracts the noise interference com-
ponent n12 from the subtraction result obtained by the sub-
traction unit 621. Thereby, the second correction unit 62
performs the calculation expressed by Equation 18 described
below. The second correction unit 62 supplies the corrected
second correction signal s2 to the equalization processing
unit 63.

$2=y2-n22-n12 Equation 18

The equalization processing unit 63 calculates the likeli-
hood (branch metric M expressed by Equation 3) of the first
correction signal s1 using the first correction signal s1 cor-
rected by the first correction unit 61, and equalizes the first
correction signal s1 according to the calculated likelihood.
Along with this, the equalization processing unit 63 calcu-
lates the likelihood (branch metric M expressed by Equation
3) of the second correction signal s2 using the second correc-
tion signal s2 corrected by the second correction unit 62, and
equalizes the second correction signal s2 according to the
calculated likelihood. The equalization processing unit 63
produces read data including the equalized first correction
signal s1 and the equalized second correction signal s2. The
equalization processing unit 63 supplies the produced read
data to the decoder 90.

For example, the equalization processing unit 63 includes
atwo-input Viterbi detector 631. The two-input Viterbi detec-
tor 631 has two input systems, that is, the input system for
receiving a signal from the first correction unit 61 and the
input system for receiving a signal from the second correction
unit 62. The two-input Viterbi detector 631 can equalize the
first correction signal s1 and the second correction signal s2 in
parallel and simultaneous. The two-input Viterbi detector 631
obtains a total sum of the branch metric M (path metric) for
each of a plurality of paths with regard to the first correction
signal s1. Then, the two-input Viterbi detector 631 selects,
among the plurality of paths, a path with the smallest total
sum of the branch metric M (path metric) as the maximum
likelihood path for the first correction signal s1, and equalizes
the first correction signal s1 to the data series corresponding
to the selected path. Further, the two-input Viterbi detector
631 obtains the total sum of the branch metric M (path metric)
for each of a plurality of paths with regard to the first correc-
tion signal s2. Then, the two-input Viterbi detector 631
selects, among the plurality of paths, a path with the smallest
total sum of the branch metric M (path metric) as the maxi-
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mum likelihood path, and equalizes the second correction
signal s2 to the data series corresponding to the selected path.

Further, the two-input Viterbi detector 631 informs the
index convertor 64 of the bit label (pattern label 641) corre-
sponding to the focused path (bit sequence).

The index convertor 64 converts the informed pattern label
641 into a corresponding pattern index. The index convertor
64 supplies the converted pattern index to each of the multi-
plication unit 72, the plurality of first multiplication units
73-1 and 73-2, the plurality of third multiplication units 75-0,
75-1, and 75-2, the multiplication unit 82, the plurality of
fourth multiplication units 83-1 and 83-2, and the plurality of
second multiplication units 85-0, 85-1, an 85-2.

The decoder 90 receives the read data from the Viterbi
equalizer 60. The decoder 90 recognizes each of a data por-
tion and an LDPC code in the read data, and decodes the
LDPC code by applying LDPC decoding processing to the
LDPC code. The LDPC code is previously encoded and
included in the write data when the data is written and is used
for correcting errors. The decoder 90 performs correction
processing to correct an error in the data portion using the
decoded LDPC code. That is, the decoder 90 corrects the error
of each bit in the data portion to restore the user data. The
description is made for the controller CTR correcting an error
according to the LDPC method during writing and readout of
data as an example. However, a method for correcting errors
other than the LDPC method may be used.

Next, the operation of the disk drive 1 will be described
using FIG. 7. FIG. 7 is a flowchart illustrating the operation of
the disk drive 1.

The disk drive 1 performs in parallel an operation (S1) of
reading out the read signal RS, from the first track (track A)
using the read head 22561 and an operation (S2) of reading out
the read signal RS from the second track (track B) using the
read head 2252.

The interference canceller 50 produces the first correction
signal y1 by cancelling the signal interference component S '
from the second track (track B) in the read signal RS , read out
from the first track (track A) (S3). Along with this, the inter-
ference canceller 50 produces a second correction signal y2
by cancelling the signal interference component S;' from the
first track (track A) in the read signal RS read out from the
second track (track B) (S4). The processing in S3 and the
processing in S4 are performed in parallel.

The Viterbi equalizer 60 estimates the noise component nl
in the first correction signal y1 according to the time correla-
tion characteristic of the noise component (S5). The Viterbi
equalizer 60 estimates the noise interference component n12,
which interferes with the second correction signal y2, in the
estimated first correction signal y1, according to time corre-
lation characteristic of the noise interference component
(S6). The processing in S5 and the processing in S6 are
performed according to completion of the processing in S3.

The Viterbi equalizer 60 estimates the noise interference
component n21, which interferes with the first correction
signal y1, in the estimated second correction signal y2,
according to time correlation characteristic of the noise inter-
ference component (S7). The Viterbi equalizer 60 estimates
the noise component n22 in the second correction signal y2
according to time correlation characteristic of the noise com-
ponent (S8). The processing in S7 and the processing in S8 are
performed according to completion of the processing in S4.

The Viterbi equalizer 60 estimates the noise n1 included in
the first correction signal y1 using the noise component n11
estimated in S5 and the noise interference component n21
estimated in 37. The Viterbi equalizer 60 corrects the first
correction signal y1 using the estimated noise n1 (S9). The
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Viterbi equalizer 60 estimates the noise n2 included in the
second correction signal y2 using the noise component n22
estimated in S8 and the noise interference component n12
estimated in S6. The Viterbi equalizer 60 corrects the second
correction signal y2 using the estimated noise n2 (S10).

The Viterbi equalizer 60 calculates the likelihood (branch
metric M expressed by Equation 3) of the first correction
signal s1 using the first correction signal s1 corrected in S9,
and equalizes the first correction signal s1 according to the
calculated likelihood. Along with this, the Viterbi equalizer
60 calculates the likelihood (branch metric M expressed by
Equation 3) of the second correction signal s2 using the
second correction signal s2 corrected in S10, and equalizes
the second correction signal s2 according to the calculated
likelihood (S11). In FIG. 7, the first processing and the second
processing are performed in parallel. The first processing
includes estimation of the noise component nl1 in the first
correction signal y1 (S5), estimation of the noise interference
component n21 in the second correction signal y2 (S7), cor-
rection of the first correction signal y1 (S9), calculation of the
likelihood of'the corrected first correction signal s1 (S11), and
equalization of the first correction signal s1 (S11). The second
processing includes estimation of the noise interference com-
ponent n12 in the first correction signal y1 (S6), estimation of
the noise component n22 in the second correction signal y2
(S8), correction of the second correction signal y2 (S10),
calculation of the likelihood of the corrected second correc-
tion signal s2 (S11), and equalization of the second correction
signal s2 (S11).

The equalization processing unit 63 produces read data
including the equalized first correction signal s1 and the
equalized second correction signal s2. The equalization pro-
cessing unit 63 supplies the produced read data to the decoder
90. The decoder 90 receives the read data from the Viterbi
equalizer 60. The decoder 90 performs decoding and error
correction of the LDPC code to restore the user data (S12).

As described above, in the disk drive 1 of the embodiment,
correlation components of interference and noise in the signal
read out from a plurality of adjacent tracks using the different
read heads are estimated and made to cancel each other. That
is, the Viterbi equalizer 60 estimates the noise included in the
first correction signal y1 by using the noise component in the
first correction signal y1 which is estimated according to time
correlation characteristic of the noise component and by
using the noise interference component in the second correc-
tion signal y2 which interferes with the first correction signal
y1 and which is estimated according to time correlation char-
acteristic of the noise interference component. Further, the
Viterbi equalizer 60 estimates the noise included in the sec-
ond correction signal y2 by using the noise component in the
second correction signal y2 which is estimated according to
time correlation characteristic of the noise component and by
using the noise interference component in the first correction
signal y1 which interferes with the second correction signal
y2 and which is estimated according to time correlation char-
acteristic of the noise interference component. In this manner,
noise power can be reduced for each of the plurality of signals
read out from the plurality of adjacent tracks, thereby improv-
ing read characteristic. That is, the noise included in the read
signal obtained by two different read heads 2251 and 22542
can be estimated accurately. Thereby, the noise can efficiently
be suppressed and whitened. In this manner, the influence of
the noise from the adjacent track can efficiently be eliminated
so that the track width of the magnetic disk 11 can easily be
made narrow, raising the track recording density. As a result,
a high capacity drive can be provided.



US 9,105,277 B1

19

It should be noted that, as for the configuration for switch-
ing the noise correlation coefficient and the noise interfering
correlation coefficient according to the pattern label (record-
ing bit string of two tracks) to be processed in the equalization
processing unit 63, each of the multiplication unit 72, the
plurality of first multiplication units 73-1 and 73-2, the plu-
rality of third multiplication units 75-0, 75-1, and 75-2, the
multiplication unit 82, the plurality of fourth multiplication
units 83-1 and 83-2, and the plurality of second multiplication
units 85-0, 85-1, and 85-2 may be multiplexed by the number
of patterns. In this case, the disk drive 1 may have a configu-
ration in which the index convertor 64 is omitted from the
configuration illustrated in FIG. 4.

Alternatively, each of the multiplication unit 72, the plu-
rality of first multiplication units 73-1 and 73-2, the plurality
of third multiplication units 75-0, 75-1, and 75-2, the multi-
plication unit 82, the plurality of fourth multiplication units
83-1 and 83-2, and the plurality of second multiplication units
85-0, 85-1, and 85-2 may be multiplexed by ‘the number of
pattern’/N (N: integer of 2 or more). In this case, the index
convertor 64 can send information on N types of the patter
index to the multiplication unit 72, the plurality of first mul-
tiplication units 73-1 and 73-2, the plurality of third multipli-
cation units 75-0, 75-1, and 75-2, the multiplication unit 82,
the plurality of fourth multiplication units 83-1 and 83-2, and
the plurality of second multiplication units 85-0, 85-1, and
85-2. In this manner, the configuration of the index convertor
64 can be simplified.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A controller comprising:

an interference canceller configured to produce a first cor-
rection signal and a second correction signal, the first
correction signal being obtained by cancelling a signal
interference component from a second track in a signal
of a first track, the second correction signal being
obtained by cancelling a signal interference component
from the firsttrack in a signal of the second track, the first
track and the second track being adjacent to each other in
a disk medium;

an equalizer configured to obtain a noise included in the
first correction signal by using a noise component of the
first track and a noise interference component from the
second track, correct the first correction signal by using
the obtained noise, and equalize the corrected first cor-
rection signal, the noise component of the first track
being calculated based on a noise component of the first
track at a first timing and a noise component of the first
track at a second timing which is earlier than the first
timing, the noise interference component from the sec-
ond track being calculated based on a noise interference
component from the second track at the first timing and
anoise interference component from the second track at
the second timing; and

a decoder configured to decode the equalized first correc-
tion signal.
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2. The controller according to claim 1, wherein the equal-
izer includes

a first calculation unit configured to calculate a noise com-
ponent of the first track based on a noise component of
the firsttrack at the first timing and a noise component of
the first track at the second timing,

a first correction unit configured to correct the first correc-
tion signal by using at least a noise component calcu-
lated by the first calculation unit, and

an equalization processing unit configured to calculate
likelihood of the first correction signal by using the first
correction signal corrected by the first correction unit
and equalize the first correction signal based on the
calculated likelihood.

3. The controller according to claim 2, wherein the first

calculation unit includes

multiple stages of first delay units configured to produce a
plurality of noise components having different delays
from a noise component calculated by the first calcula-
tion unit,

a plurality of first multiplication units configured to multi-
ply each of noise components output from the first delay
units of different stages among the multiple stages of
first delay units by a noise correlation coefficient corre-
sponding to timing correlation characteristic of the noise
component, and output an obtained product as a noise
component, and

a first add-up unit configured to add up noise components
output from the plurality of first multiplication units and
output an add-up result to the first correction unit and the
multiple stages of first delay units.

4. The controller according to claim 2, wherein the equal-
izer further includes a second calculation unit configured to
calculate a noise interference component from the second
track based on a noise interference component from the sec-
ond track at the first timing and a noise interference compo-
nent from the second track at the second timing,

wherein the first correction unit is configured to correct the
first correction signal by using a noise component cal-
culated by the first calculation unit and a noise interfer-
ence component calculated by the second calculation
unit.

5. The controller according to claim 4, wherein the second

calculation unit includes

multiple stages of second delay units configured to produce
a plurality of noise components having different delays
from a noise component calculated by the second calcu-
lation unit,

a plurality of second multiplication units configured to
multiply each of a noise component calculated by the
second calculation unit and noise components output
from different stages of second delay units among the
multiple stages of second delay units by a noise inter-
ference correlation coefficient corresponding to timing
correlation characteristic of a noise interference compo-
nent, and output an obtained product as a noise interfer-
ence component, and

a second add-up unit configured to add up noise interfer-
ence components output from the plurality of second
multiplication units and output an add-up result to the
first correction unit.

6. The controller according to claim 1, wherein the equal-
izer is configured to obtain a noise included in the second
correction signal by using a noise component of the second
track and a noise interference component from the first track,
calculate likelihood of the second correction signal by using
the obtained noise, and equalize the second correction signal
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according to the calculated likelihood, the noise component
of the second track being calculated based on a noise com-
ponent of the second track at the first timing and a noise
component of the second track at the second timing, the noise
interference component from the first track being calculated
based on a noise interference component from the first track
atthe first timing and a noise interference component from the
first track at the second timing, and

wherein the decoder decodes one or both of the equalized
first correction signal and the equalized second correc-
tion signal.

7. The controller according to claim 6, wherein the equal-

izer includes

a first calculation unit configured to calculate a noise com-
ponent of the first track based on a noise component of
the firsttrack at the first timing and a noise component of
the first track at the second timing, and also calculate a
noise interference component from the first track based
on a noise interference component from the first track at
the first timing and a noise interference component from
the first track at the second timing,

a second calculation unit configured to calculate a noise
component of the second track based on a noise compo-
nent of the second track at the first timing and a noise
component of the second track at the second timing, and
also calculate a noise interference component from the
second track based on a noise interference component
from the second track at the first timing and a noise
interference component from the second track at the
second timing,

a first correction unit configured to correct the first correc-
tion signal by using a noise component calculated by the
first calculation unit and a noise interference component
calculated by the second calculation unit,

a second correction unit configured to correct the second
correction signal by using a noise component calculated
by the second calculation unit and a noise interference
component calculated by the first calculation unit, and

an equalization processing unit configured to calculate
likelihood of the first correction signal by using the first
correction signal corrected by the first correction unit
and then equalize the first correction signal according to
the calculated likelihood, and to calculate likelihood of
the second correction signal by using the second correc-
tion signal corrected by the second correction unit and
then equalize the second correction signal according to
the calculated likelihood.

8. The controller according to claim 7, wherein the first

calculation unit includes

multiple stages of first delay units configured to produce a
plurality of noise components having different delays
from a noise component calculated by the first calcula-
tion unit,

a plurality of first multiplication units configured to multi-
ply each of noise components output from first delay
units of different stages among the first delay units of
multiple stages by a noise correlation coefficient corre-
sponding to timing correlation characteristic of a noise
component, and output an obtained product as a noise
component,

a plurality of third multiplication units configured to mul-
tiply each of a noise component calculated by the first
calculation unit and noise components output from first
delay units of different stages among the first delay units
of multiple stages by a noise interference correlation
coefficient corresponding to timing correlation charac-
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teristic of a noise interference component, and output an
obtained product as a noise interference component,

a first add-up unit configured to add up noise components
output from the plurality of first multiplication units and
output an add-up result to the first correction unit and the
first delay units of multiple stages, and

a third add-up unit configured to add up noise interference
components output from the plurality of third multipli-
cation units and output an add-up result to the second
correction unit, and

wherein the second calculation unit includes

multiple stages of second delay units configured to produce
a plurality of noise components having different delays
from a noise component calculated by the second calcu-
lation unit,

a plurality of fourth multiplication units configured to mul-
tiply each of noise components output from second
delay units of different stages among the second delay
units of multiple stages by a noise correlation coefficient
corresponding to timing correlation characteristic of the
noise component, and output an obtained product as a
noise component,

a plurality of second multiplication units configured to
multiply each of a noise component calculated by the
second calculation unit and noise components output
from second delay units of different stages among the
second delay units of multiple stages by a noise inter-
ference correlation coefficient corresponding to timing
correlation characteristic of a noise interference compo-
nent, and output an obtained product as a noise interfer-
ence component,

a fourth add-up unit configured to add up noise compo-
nents output from the plurality of fourth multiplication
units and output an add-up result to the second correc-
tion unit and the second delay units of multiple stages,
and

a second add-up unit configured to add up noise interfer-
ence components output from the plurality of second
multiplication units and output an add-up result to the
first correction unit.

9. A disk drive comprising:

a first head configured to read out a signal from a first track
on a disk medium;

a second head configured to read out a signal from a second
track adjacent to the first track on the disk medium;

an interference canceller configured to produce a first cor-
rection signal and a second correction signal, the first
correction signal being obtained by cancelling a signal
interference component from the second track in a signal
of the first track, the second correction signal being
obtained by cancelling a signal interference component
from the first track in a signal of the second track;

an equalizer configured to obtain a noise included in the
first correction signal by using a noise component of the
first track and a noise interference component from the
second track, calculate likelihood of the first correction
signal using the obtained noise, and equalize the first
correction signal according to the calculated likelihood,
the noise component of the first track being calculated
based on a noise component of the first track at a first
timing and a noise component of the first track at a
second timing which is earlier than the first timing, the
noise interference component from the second track
being calculated based on a noise interference compo-
nent from the second track at the first timing and a noise
interference component from the second track at the
second timing; and
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a decoder configured to decode the equalized first correc-
tion signal.

10. The disk drive according to claim 9, wherein the equal-

izer includes

a first calculation unit configured to calculate a noise com-
ponent of the first track based on a noise component of
the firsttrack at the first timing and a noise component of
the first track at the second timing,

a first correction unit configured to correct the first correc-
tion signal by using at least a noise component calcu-
lated by the first calculation unit, and

an equalization processing unit configured to calculate
likelihood of the first correction signal by using the first
correction signal corrected by the first correction unit,
and equalize the first correction signal based on the
calculated likelihood.

11. The disk drive according to claim 10, wherein the first

calculation unit includes

multiple stages of first delay units configured to produce a
plurality of noise components having different delays
from a noise component calculated by the first calcula-
tion unit,

a plurality of first multiplication units configured to multi-
ply each of noise components output from first delay
units of different stages among the first delay units of
multiple stages by a noise correlation coefficient corre-
sponding to timing correlation characteristic of a noise
component, and output an obtained product as a noise
component, and

a first add-up unit configured to add up noise components
output from the plurality of first multiplication units, and
output an add-up result to the first correction unit and the
first delay units of multiple stages.

12. The disk drive according to claim 10, wherein the
equalizer further includes a second calculation unit config-
ured to calculate a noise interference component from the
second track based on a noise interference component from
the second track at the first timing and a noise interference
component from the second track at the second timing, and

wherein the first correction unit corrects the first correction
signal by using a noise component calculated by the first
calculation unit and a noise interference component cal-
culated by the second calculation unit.

13. The disk drive according to claim 12, wherein the
second calculation unit includes

second delay units of multiple stages configured to produce
a plurality of noise components having different delays
from a noise component calculated by the second calcu-
lation unit,

a plurality of second multiplication units configured to
multiply each of a noise component calculated by the
second calculation unit and noise components output
from different stages of second delay units among mul-
tiple stages of the second delay units by a noise interfer-
ence correlation coefficient corresponding to timing cor-
relation characteristic of a noise interference
component, and output an obtained product as a noise
interference component, and

a second add-up unit configured to add up noise interfer-
ence components output from the plurality of second
multiplication units, and output an add-up result to the
first correction unit.

14. The disk drive according to claim 9, wherein

the equalizer is configured to obtain a noise included in the
second correction signal by using a noise component of
the second track and a noise interference component
from the first track, calculate likelihood of the second
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correction signal by using the obtained noise, and equal-
ize the second correction signal according to the calcu-
lated likelihood, the noise component of the second
track being calculated based on a noise component of the
second track at the first timing and a noise component of
the second track at the second timing, the noise interfer-
ence component from the first track being calculated
based on a noise interference component from the first
track at the first timing and a noise interference compo-
nent from the first track at the second timing, and

wherein the decoder decodes one or both of the equalized
first correction signal and the equalized second correc-
tion signal.

15. The disk drive according to claim 14, wherein the

equalizer includes

a first calculation unit configured to calculate a noise com-
ponent of the first track based on a noise component of
the firsttrack at the first timing and a noise component of
the first track at the second timing, and also calculate a
noise interference component from the first track based
on a noise interference component from the first track at
the first timing and a noise interference component from
the first track at the second timing,

a second calculation unit configured to calculate a noise
component of the second track based on a noise compo-
nent of the second track at the first timing and a noise
component of the second track at the second timing, and
also calculate a noise interference component from the
second track based on a noise interference component
from the second track at the first timing and a noise
interference component from the second track at the
second timing,

a first correction unit configured to correct the first correc-
tion signal using a noise component calculated by the
first calculation unit and a noise interference component
calculated by the second calculation unit,

a second correction unit configured to correct the second
correction signal using a noise component calculated by
the second calculation unit and a noise interference com-
ponent calculated by the first calculation unit, and

an equalization processing unit configured to calculate
likelihood of the first correction signal by using the first
correction signal corrected by the first correction unit
and then equalize the first correction signal according to
the calculated likelihood, and also configured to calcu-
late likelihood of the second correction signal using the
second correction signal corrected by the second correc-
tion unit and then equalize the second correction signal
according to the calculated likelihood.

16. The disk drive according to claim 15, wherein the first

calculation unit includes

multiple stages of first delay units configured to produce a
plurality of noise components having different delays
from a noise component calculated by the first calcula-
tion unit,

a plurality of first multiplication units configured to multi-
ply each of noise components output from different
stages of first delay units among the multiple stages of
first delay units by a noise correlation coefficient corre-
sponding to timing correlation characteristic of a noise
component, and output an obtained product as a noise
component,

a plurality of third multiplication units configured to mul-
tiply each of a noise component calculated by the first
calculation unit and noise components output from dif-
ferent stages of first delay units among the multiple
stages of first delay units by a noise interference corre-
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lation coefficient corresponding to timing correlation
characteristic of a noise interference component, and
output an obtained product as a noise interference com-
ponent,

a first add-up unit configured to add up noise components
output from the plurality of first multiplication units and
output an add-up result to the first correction unit and the
first delay units of multiple stages, and

a third add-up unit configured to add up noise interference
components output from the plurality of third multipli-
cation units and output an add-up result to the second
correction unit, and

wherein the second calculation unit includes

second delay units of multiple stages configured to produce
a plurality of noise components having different delays
from a noise component calculated by the second calcu-
lation unit,

aplurality of fourth multiplication units configured to mul-
tiply each of noise components output from different
stages of second delay units among the multiple stages
of second delay units by a noise correlation coefficient
corresponding to timing correlation characteristic of a
noise component, and output an obtained product as a
noise component,

a plurality of second multiplication units configured to
multiply each of a noise component calculated by the
second calculation unit and noise components output
from different stages of second delay units among the
multiple stages of second delay units by a noise inter-
ference correlation coefficient corresponding to timing
correlation characteristic of a noise interference compo-
nent, and output an obtained product as a noise interfer-
ence component,

a fourth add-up unit configured to add up noise compo-
nents output from the plurality of fourth multiplication
units, and output an add-up result to the second correc-
tion unit and the second delay units of multiple stages,
and

a second add-up unit configured to add up noise interfer-
ence components output from the plurality of second
multiplication units, and output an add-up result to the
first correction unit.

17. The disk drive according to claim 9, wherein the inter-

ference canceller includes

a first filter configured to extract a signal component, from
a signal read out from the first track,

a second filter configured to extract a signal interference
component, from a signal read out from the second
track,

afirst cancel processing unit configured to produce the first
correction signal by using a signal component extracted
by the first filter and a signal interference component
extracted by the second filter,

a third filter configured to extract a signal interference
component, from a signal read out from the first track,

a fourth filter configured to extract a signal component,
from a signal read out from the second track, and

a second cancel processing unit configured to produce the
second correction signal by using a signal component
extracted by the fourth filter and a signal interference
component extracted by the third filter.
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18. A read processing method comprising:

reading out a signal from a first track on a disk medium via
a first head;

reading out a signal from a second track adjacent to the first
track on the disk medium via a second head;

producing a first correction signal obtained by cancelling a
signal interference component from the second track in
a signal of the first track;

producing a second correction signal obtained by cancel-
ling a signal interference component from the first track
in a signal of the second track;

obtaining a noise included in the first correction signal by
using a noise component of the first track and a noise
interference component from the second track, the noise
component of the first track being calculated based on a
noise component of the first track at a first timing and a
noise component of the first track at a second timing
which is earlier than the first timing, the noise interfer-
ence component from the second track being calculated
based on a noise interference component from the sec-
ond track at the first timing and a noise interference
component from the second track at the second timing,

correcting the first correction signal by using the obtained
noise;

calculating likelihood of the corrected first correction sig-
nal;

equalizing the first correction signal according to the cal-
culated likelihood of the first correction signal; and

decoding the equalized first correction signal.

19. The read processing method according to claim 18,

further comprising:

obtaining a noise included in the second correction signal
by using a noise component of the second track and a
noise interference component from the first track, the
noise component of the second track being calculated
based on a noise component of the second track at the
first timing and a noise component of the second track at
the second timing, the noise interference component
from the first track being calculated based on a noise
interference component from the first track at the first
timing and a noise interference component from the first
track at the second timing,

correcting the second correction signal by using the
obtained noise;

calculating likelihood of the corrected second correction
signal;

equalizing the second correction signal according to the
calculated likelihood of the second correction signal;
and

decoding one or both of the equalized first correction signal
and the equalized second correction signal.

20. The read processing method according to claim 19,

wherein

a first processing and a second processing are performed in
parallel, the first processing including obtaining of noise
included in the first correction signal, correction of the
first correction signal, calculation of likelihood of the
corrected first correction signal, and equalization of the
first correction signal, the second processing including
obtaining of noise included in the second correction
signal, correction of the second correction signal, calcu-
lation of likelihood of the corrected second correction
signal, and equalization of the second correction signal.
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